We study the magnetic, structural, and electronic properties of the recently discovered ironbased superconductor BaFe2S3 based on density functional theory with the generalized gradient approximation. The calculations show that the magnetic alignment in which the spins are coupled ferromagnetically along the rung and antiferromagnetically along the leg is the most stable in the possible magnetic structure within an Fe-ladder and is further stabilized with the periodicity characterized by the wave vector Q=(π,π,0), leading to the experimentally observed magnetic ground state. The magnetic exchange interaction between the Fe-ladders creates a tiny energy gap, whose size is in excellent agreement with the experiments. Applied pressure suppresses the energy gap and leads to an insulator-metal transition. Finally, we also discuss what type of orbitals can play crucial roles on the magnetic and insulator-metal transition.
I. INTRODUCTION
The discovery of superconductivity in fluorine doped LaFeAsO has stimulated intensive studies of iron-based superconductors.
1 In addition to the high superconducting transition temperature and the strong flexibility for the constituent atoms, similarities of magnetic and structural properties with the high-T c cuprate superconductors are suggestive to understand the pairing mechanism.
2 For instance, the parent material undergoes antiferromagnetic transition under ambient pressure, and the superconducting transition appears in the vicinity of the antiferromagnetic phase by doping carriers or by applying pressure.
Recently, superconductivity in BaFe 2 S 3 has been discovered under pressure with the maximum T c ∼ 14K.
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Investigation of the magnetic and electronic properties in relation to the structural property in this ladder system is expected to provide a new path to understand the high T c superconductivity in the iron-based superconductors. The quasi one-dimensional Fe-ladder formation of BaFe 2 S 3 , as shown in Fig. 1 , exhibits a striking difference from the conventional iron-based superconductors, which have two-dimensional Fe networks, but rather reminds us of the superconducting two-leg ladder cuprate Sr 14 Cu 24 O 41 . 4 While the magnetic structure of BaFe 2 S 3 has a marked similarity to conventional iron-based superconductors as will be discussed below, BaFe 2 S 3 has a semiconducting ground state as contrasted to the metallic ground states of other iron-based superconductors.
A number of structurally related compounds of BaFe 2 S 3 , i.e. AFe 2 X 3 (A=K, Rb, Cs, or Ba and X = S, Se, Te), have been discovered. [5] [6] [7] In particular, the block magnetism of BaFe 2 Se 3 has attracted increasing attention as the novel magnetic structure among iron-based materials and has been intensively studied both theoretically [8] [9] [10] [11] [12] [13] and experimentally. 5, [14] [15] [16] [17] [18] [19] [20] [21] [22] On the other hand, the physical properties of BaFe 2 S 3 are reported only recently in association with the discovery of the high-T c superconducting transition. 
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The first-principles study for iron-based superconductors have provided fruitful information concerning the structural, magnetic, and electronic properties.
26-32 For BaFe 2 S 3 , we recently derived a low energy effective Hamiltonian of BaFe 2 S 3 based on a first-principles approach. 33 In this paper, we investigate the magnetic and electronic properties in relation to the structural property under pressure by using the first-principles calculations based on the generalized gradient approximation (GGA). We show that the stripe spin-ladder magnetic order, which is refered to type-I magnetic configuration in Fig. 2 with the ordering wave vector Q=(π,π,0), is the most stable magnetic structure over the investigated range of pressure. We also discuss how the electronic structure changes under pressure and undergoes a metalinsulator transition, which is necessary for the superconducting transition.
II. METHOD
The first-principles calculations are implemented in the VASP program code with projector augmented-wave (PAW) method using the exchange-correlation functional proposed by Perdew, Burke, and Ernzerhof. 34 We systematically explored all the possible spin configurations within the Fe-ladder, as shown in Fig. 2 , for the characteristic wave vectors Q=(0,0,0), (π,0,0), (π,π,0), setting the 2×2×1 super cell, corresponding to the magnetic unit cell for the periodicity characterized by Q=(π,π,0). The k-point mesh is set as the (2,2,2) for the selfconsistent calculations and (8, 8, 8) for plotting the density of states (DOS) for the calculations of the super cell. The calculations were performed with the experimental lattice constants a=8.78Å, b=11.23Å, c=5.29Å for ambient pressure, and the pressure effect are considered as change in the lattice constants observed exper- imentally. 35 The atomic relaxation is performed for the sulfur atoms within the x-y plane, starting from the initial atomic configuration as the experimental values i.e. Ba(4c) (0.0,0.686,0.25), Fe(8e) (0.154,0.0,0.0), S(4c) (0.0, 0.116, 0.25), and S(8g) (0.208, 0.378, 0.25), using the experimental lattice constants. 35 The energy cutoff for the plane waves is set as 500 eV through the calculations. The convergence conditions for the total energies are set as 10 −5 eV for electronic self-consistent loop and 10
eV for the ionic relaxation.
III. RESULTS
Firstly, we discuss the stable magnetic structure of BaFe 2 S 3 . The magnetic distributions of type-I magnetism with different Q are shown in Fig. 3 . Calculated Ferro Experimental structure (P =0)
Optimized structure (P =0) Optimized structure (P =16. total energies and Fe magnetic moments are shown in table I. As shown in the table, the calculations predict the most stable magnetic structure as the type-I magnetic alignment, in which the spins are coupled ferromagnetically along the rung and antiferromagnetically along the leg, with the periodicity characterized by the Q=(π,π,0), which corresponds to the experimentally observed magnetic alignment. The energy difference is mainly dominated by the spin configuration within the Fe-ladders, changing the total energy with the order of 1 eV, and the different Q structure change it with the order of 0.1 eV.
Relaxation of sulfur atoms somewhat reduces the magnetic moments from those for the experimental atomic position for the type-I, II, and III magnetic states and completely suppresses it for FM spin alignment. Remarkably, the type-I magnetic configuration is the most stable magnetic structure within an Fe-ladder in spite of the smaller magnetic moments compared to those of type-II. This result indicates that the atomic configuration strongly affects to stabilize the type-I magnetism through coupling with the magnetic moments. The predicted Fe's magnetic moments 2.07µ B of the type-I magnetic order is considerably larger than the experimental value 1.3µ B , and this kind of overestimation for Fe's moments was also reported for LaFeAsO.
26-30,36,37
We also investigated the magnetic states under pressure by using the experimental lattice constants with performing relaxation of sulfur atoms. As shown in table I, whereas the magnetic moments of the type-I magnetic states are not much reduced at P =16.27 GPa, those of the other magnetic states are strongly suppressed under the high pressure. To examine the pressure dependence of the magnetic states in further detail, we show in Fig. 4 the detailed pressure dependence of the total energies and Fe-spin moments for the magnetic states with the periodicity Q=(π,π,0). From the figure we can find the clear difference in the pressure dependence for all of the magnetic structures, though the type-I, II, and III magnetism exhibit the same order of the magnetic moments at ambient pressure. The pressure effect strongly suppresses the magnetic moments of the type-II magnetism, in which the magnetic moment vanishes already at P =2 GPa and gradually suppress the magnetic moments of the type-III magnetism, leading to the nonmagnetic state around the 16 GPa. On the other hand, the pressure dependence of the magnetic moment for the type-I magnetism is rather weak and leave the magnetic order stable even under high pressure.
The optimized sulfur positions, whose coordinates are defined in Fig. 5 , are y S1 =1.18Å, x S2 =x S2 ′ =2.52Å, and y S2 = y S2 ′ =1.36Å while the experimental positions are y S1 =1.30Å, x S2 =x S2 ′ =2.57Å, and y S2 =y S2 ′ =1.37Å. The deviation between the calculation and the experi- ment for the S1 position is somewhat larger than that for the S2 atom, yet the deviations are about 1% at most for the lattice constants. We also show the pressure dependence of the sulfur's atomic positions in Fig. 5 , in which the positions of sulfurs are measured from the Fe-ladder as defined in Fig. 5 (a) . Interestingly, from Fig. 5 (b) , significant shifts in the sulfur positions are only observed for the sulfurs out of the Fe-ladders (S2 and S2'), and the positions of sulfurs located between the ladder's legs (S1) does not strongly depend on the pressure. Note that S2 and S2' in Fig. 5 are equivalent in the non-magnetic crystal structure but are inequivalent in the magnetic state. The calculations indeed show small deviation of the two sulfur positions above P ∼12 GPa as shown in Fig. 5 (b) . Finally, we discuss the electronic structure of BaFe 2 S 3 . Experimentally, BaFe 2 S 3 is semiconductor with the small energy gap of 0.06-0.07 eV. 24, 25 As shown in Fig. 6 , the energy gap of the BaFe 2 S 3 is not produced with the Q=(0,0,0) periodicity but produced with the periodicity of Q=(π,π,0) with the size 0.07 eV for the type-I magnetism, which is in excellent agreement with the experimental evaluations. This result indicates that the magnetic exchange coupling between the Fe ladders is crucial to create the tiny energy gap. Figure 7 shows pressure dependence of total DOS for the Q=(π,π,0) type-I antiferromagnetic states around the Fermi level. The pres- sure strongly suppresses the energy gap and leads to a metallic state around P ∼5 GPa. The peak structure of DOS located below the Fermi level comes close to the Fermi level as the pressure increases and passes over the Fermi level at P ∼12 GPa. As a result, pressure strongly enhances the DOS at the Fermi level which takes its maximum at P ∼12 GPa. The orbital resolved DOS of Fe-d orbitals for the pressure P =0 and 12.36 GPa is shown in Fig. 8 −y 2 orbitals compared to other d-orbitals show the primary contribution of these two orbitals for the magnetism, which is consistent to our recent studies showing that low-energy effective Hamiltonians can be constructed from these two orbitals. 33 The d 3z 2 −r 2 orbital mainly contributes to the DOS peak below the Fermi level at ambient pressure but applied pressure suppresses it as in Fig. 8 (b) and (d) . Alternatively, the d yz and the d x 2 −y 2 orbitals develop with applied pressure and contribute to the maximum DOS peak at Fermi level at P ∼12 GPa. Although further investigation is necessary to reveal the orbital contribution to the superconducting transition, the interplay of these Fe-d orbitals should be crucial for the high-T c transition temperature.
IV. CONCLUSION
We investigated the magnetic, structural, and electronic properties of BaFe 2 S 3 based on the first-principles calculations. The GGA calculations predicted the stripetype spin-ladder magnetism, whose magnetic periodicity is characterized by Q=(π,π,0), in the ground state. The calculations of the pressure dependence for the total energy and magnetic moments indicate that the most stable type-I magnetic structure is not sensitive against the applied pressure compared to other magnetic structure and leave the magnetic order stable even at high pressure as a result. The magnetic exchange interaction between the Fe ladders creates a tiny energy gap at ambient pressure and is therefore a crucial ingredient to reproduce the insulating magnetic ground state as observed experimentally. Applied pressure strongly suppresses the energy gap and leads to a metallic magnetic state, bringing the high DOS at the Fermi level due to the formation of the DOS peak structure around the Fermi level. The magnetic moment predicted at the ambient pressure is considerably larger than that observed experimentally. The discrepancy of the magnetic states may be improved with more advanced first-principles method considering the strong electron correlation in the ironbased compound, 36, 37 and more precise prediction of the magnetic states is our future issue. 
